HIGHLIGHTS 17  Crystal structures of Brr2 in complex with different adenine nucleotides. 18  The Brr2 N-terminal region counteracts conformational changes induced by ATP binding. 19  Brr2 excludes an attacking water molecule in the absence of substrate RNA. 20  Different helicase families resort to different NTPase mechanisms. 21 22 KEYWORDS 23 Brr2; enzyme auto-inhibition; macromolecular crystallography; nucleotide binding; RNA-24 dependent NTPase; RNA helicase; spliceosome; Structural Biology 25 26 3 SUMMARY 27 RNA-dependent NTPases can act as RNA/RNA-protein remodeling enzymes and typically 28 exhibit low NTPase activity in the absence of RNA/RNA-protein substrates. How futile intrinsic 29 NTP hydrolysis is prevented is frequently not known. The ATPase/RNA helicase Brr2 belongs to 30 the Ski2-like family of nucleic acid-dependent NTPases and is an integral component of the 31 spliceosome. Comprehensive nucleotide binding and hydrolysis studies are not available for a 32 member of the Ski2-like family. We present crystal structures of Chaetomium thermophilum Brr2 33 in the apo, ADP-bound and ATPyS-bound states, revealing nucleotide-induced conformational 34 changes and a hitherto unknown ATPyS binding mode. Our results in conjunction with Brr2 35 structures in other molecular contexts reveal multiple molecular mechanisms that contribute to the 36 inhibition of intrinsic ATPase activity, including an N-terminal region that restrains the RecA-like 37 domains in an open conformation and exclusion of an attacking water molecule, and suggest how 38 RNA substrate binding can lead to ATPase stimulation. 39 40
INTRODUCTION

41
RNA-dependent NTPases represent a large group of enzymes that are involved in diverse 42 aspects of gene expression and gene regulation in all domains of life. Most RNA-dependent 43
NTPases belong to superfamilies (SFs) 1 or 2 of nucleic acid-dependent NTPases (Jankowsky, 44 2011 ). SF1 and SF2 enzymes comprise a core of dual RecA-like motor domains that can bind and 45 hydrolyze NTPs and that can bind RNA or RNA-protein (RNP) substrates dependent on the NTP-46 bound state (Jankowsky and Fairman, 2007) . NTP binding, hydrolysis, product release and 47 rebinding elicit conformational changes, with different conformational states exhibiting different 48 RNA/RNP affinities. As a consequence, many of these enzymes can bind, deform and release 49
RNAs/RNPs or translocate on RNAs in an NTPase-dependent manner to achieve, e.g., RNA 50 duplex unwinding or disruption of RNPs (Singleton et al., 2007) . 51
The core RecA-like domains of SF1 and SF2 enzymes contain up to twelve conserved 52 sequence motifs that mediate and functionally couple the NTP/RNA/RNP transactions Williams et al., 2010). In addition, many SF1 and SF2 enzymes contain additional domains 54 inserted into or appended to the core domains, forming helicase units (cassettes), in which the 55 helicase-associated domains facilitate NTP/RNA/RNP-related activities of the dual-RecA cores 56
and modulate the precise molecular mechanisms, by which RNA/RNP remodeling is achieved 57 (Jankowsky, 2011) . Based on which motifs are present, the exact sequences of the motifs and the 58 presence of additional domains, SF1 and SF2 members are divided into several families each 59 a similarly comprehensive analysis of a Ski2-like family member has so far not been reported. 70
The ATP-dependent RNA helicase Brr2 is a member of a small subgroup of Ski2-like enzymes 71 that comprise a tandem repeat of Ski2-like helicase cassettes ( Figure 1A (Schmitt et al., 2018) . Electron densities of the respective nucleotides and the 130 sulfate ions were well defined in both helicase cassettes and in between the cassettes in the apo 131 cBrr2 T4 , cBrr2 T4 -ADP and cBrr2 T4 -ATPγS structures ( Figure 1C ). Positions of divalent cations were 132 unequivocally derived from the anomalous signals of Mn 2+ ions ( Figure 1C) . 133 134
Nucleotide Binding to the Active NC Induces Conformational Changes 135
By truncating residues 1-425, we have previously produced the cBrr2 T3 variant, which retains 136 a portion of the NTR (the NC-clamp) that encircles the NC and partially inhibits the ATPase and 137 helicase activities (Absmeier et al., 2015a) . Moreover, we have previously determined a crystal 138 structure of cBrr2 T3 in complex with the Jab1 domain of the cPrp8 protein; cBrr2 T3 could not be 139 crystallized in the absence of cJab1 (Absmeier et al., 2016a) . Comparison of the current cBrr2 T4 140 structures with the cBrr2 T3 -cJab1 complex structure revealed that the two RecA domains of the 141 NC approach each other more closely in the apo cBrr2 T4 structure compared to the cBrr2 T3 -cJab1 142 complex (distance of the Cα-atoms of G554 of motif I and G904 of motif VI 6 Å vs. 8 Å, respectively; 143 Figure 2A and Cα-atom of G904 of motif VI spaced 2 Å closer than in the apo and ADP-bound structures, 147 and 4 Å closer than in the cBrr2 T3 -cJab1 complex structure; Figure 2D ). The observed closing-in 148 of motifs I and VI on the nucleotide is consistent with the idea that these elements need to contact Conserved residues of motif I (555-559) interact with the phosphates of ADP and ATPγS ( Figure  154 2E,F). N559 additionally contacts the adenine base. N870 (motif Va; important for coupling of ATP 155 hydrolysis to RNA duplex unwinding) binds the ribose moieties of the nucleotides. The γ-156 thiophosphate of ATPγS is additionally recognized by E664 (motif II), Q901 (motif VI) and R905 157 (motif VI) in the cBrr2 T4 -ATPγS structure, while in the ADP-bound structure residues of motif II do 158 not contact the nucleotide (Figure 2E ,F). 159
The above comparisons suggest that the NC-clamp (contained in cBrr2 T3 but absent from 160 interacts with the β-phosphate and BeF3 in the cPrp43 structure. In the cBrr2 T4 -ATPγS structure, 176 the corresponding Q901 is positioned much closer (3 Å) to and engages in direct interactions with 177 the γ-thiophosphate ( Figure 3A ). This close approach apparently prevents positioning of an 178 attacking water molecule in the cBrr2 T4 -ATPγS structure ( Figure 3A ). In addition, R908 (arginine 179 finger) is flipped away from the bound nucleotide and does not contact the β and γ-phosphates. ATPγS and yeast Brr2 bound to U4/U6 di-snRNA revealed that the additional nucleotide binding 206 site represents part of the U4/U6 di-snRNA binding surface of Brr2 ( Figure S1D ). A nucleotide 207 bound at this position may thus interfere with RNA binding and/or may restrict cassette movements 208 possibly required for RNA duplex unwinding. To test these ideas, we performed gel-based 209 unwinding assays with increasing concentrations of ATP. In agreement with the structures, we 210 observed inhibition of cBrr2 T4 -mediated U4/U6 unwinding at very high ATP concentrations (15 211 mM; Figure S1E ). Recently, a Brr2-specific small-molecule inhibitor was identified, which binds at 212 the interface of the two helicase cassette, but at a site different from the additional nucleotide 
Influence of N-Terminal Regions on Nucleotide Binding in Ski2-Like Helicases 219
Here, we analyzed the structural basis of nucleotide binding to the Ski2-like RNA helicase, Brr2. 220
Our results revealed multiple levels of auto-inhibition that prevent futile intrinsic ATPase activity. has to be relocated to allow positioning of an attacking water ( Figure 3A ). We suggest that RNA 259 binding is the final trigger that induces a switch in Brr2 towards the fully hydrolysis-competent 260 conformation. Such a mechanism would additionally aid in preventing unproductive ATP 261 hydrolysis in the absence of RNA. In full agreement with this idea, the conformation of Brr2, when Taken together, the mechanism of RecA domain closure and coordination of the attacking 284 water by a glutamate in motif II and by glutamine and arginine residues in motif VI may be 285 conserved, but the trigger for adopting the ultimate hydrolysis-competent state seems to differ in 286 different SF2 families. In the future, further structural studies of Ski-2 like helicases bound to 287 nucleic acid and nucleotides need to be performed to elucidate the exact mechanism of ATP 288 hydrolysis and to understand the differences to other SF2 families. Coordinates and structure factors for the cBrr2 T4 apo and nucleotide-bound structures have 554 been deposited in the Protein Data Bank (www.pdb.org) under access codes 6QWS (apo cBrr2 T4 ), 555 6QV3 (cBrr2 T4 -ADP) and 6QV4 (cBrr2 T4 -ATPγS) and will be released upon publication. 
